We examined the expression of p53 in three lines of pluripotent embryonal carcinoma (EC) and ES cells. p53 mRNA and protein levels were constitutively high in two lines but absent from one. In the P19 line of EC cells neither p53 protein nor mRNA was detected. The ®rst intron of the p53 gene in these cells had been invaded by a murine leukemia virus and there was extensive hypermethylation of the p53 gene accompanying its inactivation. In all three cell lines, irradiation resulted in arrest of the cells in the G2 but not in the G1 phase of the cell cycle despite the induction of p21 cip1 in the cell lines expressing p53. Thus, the chromosomal stability of EC and ES cells appears to be not dependent on the p53 protein and we interpret our results to suggest that these cells may require the deletion of p53 dependent cell cycle regulation in order to become immortalized.
Introduction
Embryonic stem (ES) cells are pluripotent cells that can be isolated directly from early mouse embryos by culturing them in a suitable milieu of growth factors and feeder cells (Martin, 1981; Evans and Kaufman, 1981) . Embryonal carcinoma (EC) cells are also pluripotent cells that can be cultured from teratocarcinomas (McBurney, 1976; Nicolas et al., 1975) , tumours formed following ectopic transplantation of early mouse embryos (Stevens, 1967) . In addition to sharing developmental pluripotency, ES and EC cells are both immortal, tumorigenic, and have stable, often euploid, karyotypes.
The p53 tumor suppressor gene aects a large number of cellular processes including chromosomal stability and cellular mortality (reviewed in Ko and Prives, 1996; Haner and Oren, 1995; Vogelstein and Kinzler, 1992; Levine, 1993) . The loss of p53 activity in tumors is thought to contribute to karyotypic instability that in turn contributes to tumor progression (Fukasawa et al., 1996; Yin et al., 1992; Livingstone et al., 1992) . The p53 protein is a transcription factor whose stability and activity is induced by cellular DNA damage. Amongst the genes activated by p53 is one encoding p21 cip1 , a protein that regulates cell cycle progression (Kuerbitz et al., 1992) . Arrest of the cell cycle in G1 phase by elevated p21 cip1 is thought to contribute indirectly to DNA repair by preventing replication of damaged DNA (Hartwell and Kastan, 1994) .
The p53 protein also appears to be essential in triggering apoptosis from some stimuli (Ko and Prives, 1996) . In particular, apoptosis in embryos lacking in the retinoblastoma susceptibility (Rb) protein is dependent on the p53 protein (Morgenbesser et al., 1994) .
The karyotypic stability of EC and ES cells suggests very ecient cell cycle checkpoint control and DNA repair systems in these cells, consistent with the expectation that they might have abundant p53 protein. On the other hand, EC and ES cells are immortal, a characteristic often associated with the absence of wild type p53. Some lines of EC cells also have very low levels of expression of the Rb protein (Slack et al., 1993) , yet these cells do not undergo spontaneous apoptosis. These characteristics of EC and ES cells prompted us to examine the activity of p53 in these pluripotent cells. We found that some EC and ES cells have abundant p53 protein while one EC cell, P19, expresses no p53 due to a proviral insertion that silences the p53 gene.
Results

p53 protein and RNA
As a ®rst step towards investigating the function of p53 in EC and ES cells we investigated the expression of the p53 protein in a number of cell lines. Western blots indicated that p53 protein is present in 3T3 mouse ®broblasts, F9 EC cells and J1 ES cells (Figure 1 ). However p53 was not detected in P19 EC cells or in M3, a P19 clone expressing a modi®ed E1A gene (Slack et al., 1995) . p53 protein levels can be regulated at the posttranscriptional level (Fu et al., 1996) so the paucity of this protein in P19 cells could be due to its extreme instability in this cell. However, Northern blots of RNA from the ®ve cells lines indicated no detectable p53 mRNA in P19 cells while the p53 transcript was readily detected in the other three cell lines (Figure 2a ). p53 is a transcription factor. Amongst genes regulated by p53 is p21 cip1 (Xiong et al., 1993; ElDeiry et al., 1993; Harper et al., 1993) , an inhibitor of cyclin dependent kinases. p21 cip1 mRNA was readily detected in 3T3 cells and was present at lower levels in F9 and J1 cells. There was no p21 cip1 mRNA detected in P19 cells (Figure 2b) .
To examine the possibility that p53 expression is repressed in P19 cells by a developmentally regulated mechanism, we isolated RNA from dierentiating cultures of P19 cells treated with retinoic acid (RA).
After 7 days, these RA treated P19 cultures consist of neurons, astrocytes and ®broblast-like cells (McBurney, 1993) . There was no detectable p53 mRNA in these dierentiated cultures (Figure 3a ). p21 cip1 is thought to be regulated both by p53 and by pathways independent of p53 (Macleod et al., 1995) but in the dierentiating P19 cell cultures there was little p21 cip1 mRNA expression (Figure 3c ) despite the fact that most of the cells in these cultures were neurons arrested in the G1 phase of the cell cycle (data not shown).
p53 gene in P19 cells
To examine the status of p53 genes in P19 cells, Southern blots of DNA were probed for p53 sequences. In DNA from C3H/He strain mouse spleen, the p53 gene is contained within a 16 kbp EcoRI fragment . P19 cells are of the C3H/He mouse strain but their p53 containing DNA fragment was of slower mobility ( Figure 4a ). Both P19 and mouse DNA have a pseudogene that is detected with p53 cDNA probes as a 3.3 kbp EcoRI fragment (Czosnek et al., 1984) .
We compared the restriction fragments of the p53 gene in P19 and in mouse DNA using two p53 probes.
Probe 2 is a cDNA fragment that reacts with exons 2 through 10. Probe 2 hybridized to the same DNA fragments in P19 as in mouse DNA following digestion with enzymes (such as Pst1) that cut the gene into small fragments. This indicates that the 3' end of the p53 gene is intact in P19 cells. Probe 1 hybridizes to the promoter and exon 1 and reacts with a 700 bp EcoRI ± HindIII fragment in both P19 and mouse DNA; however, all other double digests hybridized with probe 1 yielded fragments that diered in size between P19 and normal mouse DNA. Our interpretation of the restriction mapping is shown in Figure 4b . The p53 gene in P19 cells diers from the p53 gene in normal mouse DNA by the insertion of a foreign DNA sequence just downstream of the ®rst exon.
To identify the foreign sequence, we ampli®ed intron 1 of the p53 gene from P19 cell DNA and from normal mouse DNA of the C3H/He strain. The normal mouse DNA gave an ampli®ed product of just over 6 kpb whose restriction map matched that predicted from the reported sequence of the murine p53 intron 1 (Genebank accession #U10088). The same primers ampli®ed a 14 kpb fragment from P19 cell DNA. Restriction mapping of this fragment con®rmed the presence of foreign DNA in the 5' end of the intron while the 3' end matched that of the wild-type intron ( Figure 5 ). We sequenced various regions of the normal and the P19 fragment as shown in Figure 5 . The insert is about 8500 bp and its sequence matches a number of those in the DNA databases derived from murine leukemia viruses (MLV). The insert is more than 99% identical to the MLV with accession number M19005 (Sithanan- and indicates the approximate location of the insert that appears to be present in genomic DNA of P19 cells. Restriction sites are E -EcoRI, H -HindIII, A -AvaI, P -PstI, XXhoI, K KpnI p53 in EC and ES cells PK Schmidt-Kastner et al dam and Rapp, 1988) . This provirus was cloned from C3H strain mice, the strain from which the P19 cells were derived . The provirus in P19 cells is inserted between nucleotides 552 and 553 of intron 1 and is in the opposite orientation to the p53 gene. The DNA sequence 3' to the provirus has a restriction map dierent from that of the wild-type p53 gene. Sequencing of this region a b Figure 5 Intron 1 of the p53 gene in P19 cells contains a MLV provirus. (a) Oligonucleotides spanning the borders of exon1/ intron1 and intron1/exon2 were used to amplify the ®rst introns of the p53 gene from DNA isolated from normal strain C3H/He mice and from P19 cells. The ampli®ed fragments of DNA were cloned and restriction maps were prepared. The restriction sites are H -HindIII; K -KpnI; P -PstI; X -XhoI; B -BamHI. The horizontal arrows below each restriction map show the regions that were sequenced and the vertical arrow on the mouse map shows the site at which the MLV provirus was inserted. The insert is shown in the P19 map as a black box. (b) The DNA sequence of p53 intron 1 from P19 cells. The sequence in lower case is identical to that from the normal mouse sequence except for two single base dierences ± an insert of one a (bolded) is present at position 103 and a deletion of a single a occurred between nucleotides 361 and 362 (underlined). This sequence is similar but not identical to that reported in the genebank (accession # U10088). The sequence in upper case is derived from the MLV provirus. The LTRs of the provirus are bold and the inverted repeats are highlighted. The numbering refers to the intron 1 sequence excluding the region derived from the MLV provirus. Single underlined nucleotides 132 ± 137 is the HindIII site, double underlining in the MLV region are the KpnI and PstI sites in the LTR regions p53 in EC and ES cells PK Schmidt-Kastner et al indicated that a number of short insertions and deletions had occurred resulting in loss of an expected XhoI site and creation of a novel PstI site in the P19 sequence. The provirus insertion may have resulted in these sequence alterations, they could be polymorphisms that arose following creation of the P19 cell line, or they could be errors that arose during ampli®cation of the genomic DNA. DNA hypermethylation is often associated with genes that are not expressed (Razin and Cedar, 1991) . The restriction enzyme AvaI digests DNA only in the absence of methylation of the internal C in its recognition sequence, CPyCGPuG. The ®rst AvaI site downstream of exon 1 appears completely digested (and is therefore unmethylated) in normal mouse DNA hybridized with probe 1 (Figure 4a, lane 11) . At least some of the AvaI sites in P19 DNA appear to be methylated because more than one band is present. Methylation of AvaI sites is more extensive in the body of the p53 gene in P19 cells as indicated by digests hybridized with probe 2 (Figure 4a, lanes 13 and 14) .
Response to radiation
P19 cells have a euploid male karyotype (McBurney, 1976) as do J1 cells (Li et al., 1992) . Cells that lack p53 are thought to undergo extensive DNA ampli®cation and arrangement, yet the karyotype of P19 cells appears remarkably stable. One way in which p53 is thought to contribute to genomic stability is by inducing cell cycle arrest when DNA damage is detected (Hawley and Friend, 1996) .
We examined the response of EC and ES cells to ionizing radiation to determine the eect of the absence of p53 from P19 cells. In cells that carry normal p53, irradiation induces expression of p21 cip1 and this p21 cip1 induces cell cycle arrest by inhibiting cyclin-dependent kinases. Irradiation of P19 cells failed to result in induction of p21 cip1 ( Figure 6 ) while both F9 and J1 cells showed an increase (2 ± 3-fold) in p21 cip1 transcript level following irradiation.
We also examined the distribution of EC and ES cells throughout the cell cycle following irradiation. Twelve hours after radiation with 1000 cGy virtually all P19 cells had the 4n content of DNA indicating the accumulation of cells in the G2 phase of the cell cycle (Figure 7 ). Almost none of these cells appeared to be arrested in G1 phase, a result consistent with the absence of p53-induced p21 cip1 induction. Despite their expressing p53 and up-regulating p21 cip1 , F9 and J1 cells responded like P19 cells following exposure to radiation by arresting primarily in the G2 phase of the cell cycle at 12 h.
Twenty-four hours after radiation many of the cells had DNA contents consistent with their being in the G1 and S phases suggesting that these cells had arrested transiently in G2 phase at 12 h and had reentered the cell cycle by 24 h (Figure 8 ). The kinetics of cell cycle progression appear to be similar in the three cell lines examined. Although a role of p53 in radiation-induced G2 arrest has been proposed (Agarwal et al., 1995; Guillouf et al., 1995; Stewart et al., 1995) , the response of all EC and ES cells to irradiation appears similar despite the fact that two of these lines expressed high levels of p53 protein while one had none.
We have transfected P19 cells with plasmids carrying the p53 cDNA driven by strong promoters such as those of hCMV or Pgk-1. From these experiments it has not been possible to isolate proliferating cells that express detectable levels of the wild type p53 encoded by the transfected gene (data not shown). Since expression has been con®rmed from these constructs in transient transfection experiments, and since stable clones were obtained expressing Rb protein from similar expression vectors, the simplest interpretation is that elevated levels of p53 in P19 cells are not compatible with cell growth or survival. Indeed, there is some suggestion that upregulation of p53 may induce cellular senescence (Serrano et al., 1997) or apoptosis in the absence of Rb (Packham and Cleveland, 1994) . . In addition, P19 cells have low levels of mRNA encoding the Rb protein (Slack et al., 1993) . The histogram in (e) is the relative level of p21 cip1 transcript in each cell determined from the image intensity on phosphoimager screens p53 in EC and ES cells PK Schmidt-Kastner et al p53 protein in these cells has wild type sequence but is not active as a transcription factor (Lutzker and Levine, 1996) , an observation consistent with the failure of F9 cells to arrest in G1 following irradiation but inconsistent with the induction of p21 cip1 . The observation that pluripotent EC and ES cells (P19 and J1) also lack the G1 arrest response suggests that an absent p53 pathway may be a characteristic of early embryonic cells or may be a necessary event in the immortalization of embryonic cells.
P19 cells express very low levels of the Rb protein (Slack et al., 1993) . Ionizing radiation is thought to induce G1 arrest by p53-mediated activation of p21 cip1 expression (Cox and Lane, 1995) . p21 cip1 in turn is thought to inhibit cyclin dependent kinases that can phosphorylate the members of the Rb family of proteins (Slebos et al., 1994) . If cell cycle arrest mediated by p21 cip1 requires the presence of Rb protein, the reduced level of Rb in P19 cells may be part of the explanation for the failure of G1 arrest. However, other EC and ES cells have normal levels of Rb mRNA suggesting that the failure of these cells to arrest in G1 must result from some other de®cit in the normal pathway.
The basal and induced levels of p21 cip1 mRNA are higher in 3T3 cells than in F9 and J1 cells despite the fact that the latter two cells express higher levels of the p53 protein. This observation is consistent with the idea that even in those EC and ES cells that have p53, there is a defect in p53 mediated events such as activation of p21 cip1 gene expression. Failure of radiation-induced p21 cip1 expression has been seen in cells lacking the transcription factor IRF-1 suggesting that elevated p53 levels may be insucient to induce p21 cip1 expression. In fact, EC cells have been shown to express an antagonist of IRF-1 (Yamagata et al., 1996; Haggarty et al., 1991) that may be responsible for inhibiting induction of a variety of genes (Nelson et al., 1993) .
P19 cells respond to retinoic acid by dierentiating into neurons, astrocytes and oligodendrocytes (Staines et al., 1996; Jones-Villeneuve et al., 1982) . There is a suggestion from p53 de®cient mice that precocious neurogenesis may result from the absence of p53 (Hall and Lane, 1997) , a result consistent with the abundant development of neurons from P19 cells. We have isolated P19 cells carrying a modi®ed E1A protein and shown that these cells undergo apoptosis following treatment with RA (Slack et al., 1995) . No neurons are formed in these cultures, a result we have interpreted to indicate that the functional deletion of Rb family members by the overexpression of E1A results in failure of cells to initiate neuronal dierentiation and in their undergoing apoptosis. Previous communications have reported variously regarding the status of p53 in P19 cells Figure 7 EC and ES cells show a dose dependent accumulation in G2 phase following ionizing irradiation. Exponentially growing culture of P19, F9 and J1 cells were irradiated with 0, 400 or 1000 cGy, incubated for 12 h, then harvested, ®xed and stained with propidium iodide prior to¯ow cytometry to determine DNA content. The graphs show the distribution of DNA contents in cells and the bars at the bottom indicate the proportion in G1, S and G2 phases of the cell cycle in boxes that are white, grey, and black respectively p53 in EC and ES cells PK Schmidt-Kastner et al (Sabapathy et al., 1997; Okazawa et al., 1996; Slack et al., 1995; Bell et al., 1986) . We now know that P19 cells and their E1A containing derivative, M3 cells, do not express p53 protein so the apoptosis seen was accomplished without the bene®t of a p53 mediated pathway.
All of the coding exons appear to be intact in the p53 gene in P19 cells so the MLV insert into intron 1 seems to be responsible for its inactivation. The hypermethylation of the p53 gene in P19 cells is consistent with it being transcriptionally silent. The p53 gene is frequently the site of virus insertion in murine tumors induced by complexes of retroviruses. Friend erythroleukemias (Ben David et al., 1988) and Ableson leukemias (Wolf and Rotter, 1984) have been reported to carry proviral insertions into the p53 gene that result in the inactivation of the p53 protein. The retrotransposon Etn has also been shown to have inserted into the p53 gene in a mouse osteosarcoma (Mitreiter et al., 1994) . Retroviruses are not transcribed in EC cells (Gautsch and Wilson, 1983) and are known to inactivate host genes into which they insert (Hartung et al., 1986) . Thus it is not surprising that the MLV provirus in the p53 gene of P19 cells renders it transcriptionally silenced. P19 cells were isolated following implantation of a 7.5 day mouse embryo into the testis of an adult animal . There was no intentional infection of the embryonic cells; however, the host and some of the embryonic cells themselves could have produced virus from endogenous proviral sequences.
P19 cells express no p53 transcript and have no wild type p53 genes. Since P19 cells are diploid (McBurney, 1976) this suggests that two events must have occurred to alter their p53 genes; (a) one p53 gene must have been invaded by a MLV provirus and (b) the other p53 gene was either deleted or converted to the mutated form by an interchromosomal recombination event. Since each event is likely to occur at low frequency, it seems probable that the loss of p53 activity from P19 cells was critical to the genesis of this line of cells. Mice lacking functional p53 genes have elevated spontaneous levels of teratocarcinoma formation consistent with the idea that loss of functional p53 activity is critical in the immortalization of early embryonic cells as is the case with dierentiated cells (Metz et al., 1995; Bond et al., 1994) .
Materials and methods
Cell cultures and¯ow cytometry
NIH3T3 and P19 embryonal carcinoma (EC) cells were cultured as described (Rudnicki and McBurney, 1987) . M3 is a clonal derivative of P19 cells obtained following the Figure 7 p53 in EC and ES cells PK Schmidt-Kastner et al transfection with a modi®ed E1A gene (Slack et al., 1995) . F9 cells were culture on gelatin coated dishes. The J1 line (Li et al., 1992) of ES cells was cultured in DMEM (GIBCO ± BRL, Life Technologies Inc, Grand Island, NY) supplemented with 15% fetal calf serum (Hyclone), nonessential amino acids, 100 mM b-mercaptoethanol, and 1000 U/ml LIF (GIBCO ± BRL).
For¯ow cytometry, cells were seeded at 10 5 cells per ml 24 h prior to irradiation. They were irradiated on the plastic surfaces with 137 Cs g rays at doses of 400 and 1000 cGy. Cells were then incubated at 378 before being collected at intervals following irradiation. They were harvested by trypsinization, washed and ®xed in 70% ethanol. Cells were then washed with PBS, resuspended in 100 ml of PBS plus 500 ml of propidium iodide solution (Coulter DNA prep reagent, Coulter Immunology, Hialeah, Fl). The cells were allowed to stain for 1 h before they were analysed using a Coulter EPICS XL-MCL¯ow cytometer. The raw data was analysed using the multi cycle program to calculate the proportion of cells in the various phases of the cell cycle.
Western blots
Protein was extracted from cells using Laemmli sample buer without bromophenol blue. The protein gels were electrophoresed and transferred as described (Sambrook et al., 1989) . Blots were stained with sheep polyclonal antibody to p53 (Oncogene Science) detected using ECL (LumiGLO, chemiluminescent substrate KPL, Maryland).
Blot hybridization
RNA was extracted using Trizol Reagent (GIBCO BRL). The Northern blots were run and transferred as described (Sambrook et al., 1989) . These blots were hybridized with radioactive cDNAs labelled with 32 P by random DNA priming. The probe to p53 was a XhoI ± SacII fragment from the cDNA (Pennica et al., 1984) and the probe to mouse p21 cip1 was an EcoRI ± HindIII fragment from its cDNA (Huppi et al., 1994) .
Genomic DNA was extracted (Laird et al., 1991) and digested with various enzymes before being electrophoresed and blotted (Sambrook et al., 1989) . Blots were probed with 32 P-labelled probes formed by random priming of the XhoI ± SacII cDNA fragment covering exons 2 ± 10 of the p53 cDNA or a 700 bp genomic fragment¯anked by EcoRI and HindIII sites containing exon 1 .
DNA ampli®cation and sequencing
The ®rst intron of the p53 gene was ampli®ed using primers that spanned the junction between exon1 and intron1 (5'-CACGCTTCTCCGAAGACTGGGTAAG-3') and the junction between intron1 and exon 2 (5'-CCTCCATGG-CAGTCATCTGTAGAGAG-3') . We used the Expand TM Long Template PCR System (Boehringer Mannheim, Dorval, Quebec) and subcloned the fragments for DNA sequencing with an ABI model 377 automated DNA sequencer.
